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Abstract 

The time-dependent behavior of Al alloys in RF-MEMS is very important for the reliability 

of the devices. This thesis focuses on the anelastic recovery observed in the Al-Cu thin films 

used in RF-MEMS. The anelastic recovery is considered as the macroscopie behavior of the re

verse slip of dislocations. Therefore, two viscoplastic models, a SGCP model and an extended 

SGCP model for partide strengthened alloys are used in several finite element simulations in

volving an electrostatic beam-bending experiment and a beam-bending experiment by using a 

micro-damp device. By evaluating these two models, the mechanisms related in the anelastic 

recovery are studied. 

After examining the grain size effect by simulating tension and bending of several poly

crystalline micro beams, the main focus is on multiphysics simulations by using the SGCP 

model. It is shown that a large and long-time anelastic recovery driven by the back stress can 

be realized by manipulating several material parameters in the slip resistance and the ther

mal energy term. When several physically feasible parameters are used in the simulations of 

the electrostatic experiment, the anelastic recovery is actually very small. Furthermore, the 

SGCP model does not perform well in the simulations of the electrostatic experiment at high 

voltages, implying that the viscoplastic power law used in the SGCP model cannot fully char

acterize the Al-Cu alloys. 

The results of the simulations with the extended model show a considerable amount of 

anelastic recovery when the material parameters are in the physically feasible range. It indi

cates that dislocation dimb may play an important role during the anelastic recovery. How

ever, a comparison of the numerical simulations and the micro-damp experiment suggests 

that a large value of the dislocation capture radius is required for a good agreement with the 

recovery in the experiment. Two possible explanations are given: the back stress may be un

derestimated in the extended model and/ or the resistance may not be fully described by the 

dimb process of the extended model. Additionally, a study on the thickness effect shows that 

decreasing the thickness may reduce the plastic deformation when the total deformation re

mains the same. For the purpose of improving the performance of the extended model, several 

recommendations are given in the end of this thesis. 
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Chapter 1 

Introduction 

1.1 Industrial background 

Radio frequency microelectromechanical systems (RF-MEMS) are able to provide radio fre

quency functionality and are widely applied in oscillators, routing networks, antennas and 

other wireless devices. Common RF-MEMS components include RF-MEMS switches, capaci

tors and varactors. An example of an RF-MEMS tuneable capacitor is shown in figure 1.1. lt 

can open/close by applying a high frequency voltage to the electrodes. During a life time of 

a commercial product, it has to repeat the switch cycles millions of times. Therefore, the time

dependent behavior such as anelasticity is very important for the reliability of RF-MEMS. 

Figure 1.1: RF-MEMS tuneable capacitor (©Philips Research). It consists of two layers of metal 

thin films acting as the top and bottom electrodes. 

1 
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1.2 Experiments on Al-Cu thin films 

Recently, an electrostatic experiment on an AI-Cu alloy used in RF-MEMS was conducted at 

about 75°C [1]. There were several micro beams with different dimensions, such as figure 1.2. 

A cyclic voltage was applied to the samples during the experiment and height profiles were 

measured by a WYKO NT2000 optica! profilometer. The cyclic voltage followed the procedure: 

at the beginning of the experiment, a small voltage was applied to the beam and the height 

profile was recorded; then a second measurement was done after the voltage decreased to zero. 

In the following cycles, the maximum voltage increased gradually and the height profiles at 

the maximum voltage and zero voltage were both measured . 

Figure 1.2: A sample in the electrostatic experiment. The length of this micro beam is 300 fim 

and the width is 60 71m [1]. 

The experimental result is shown in figure 1.3. The initia! shape is plotted in a black solid 

curve and labeled as "after OV" in the graph. Other solid curves represent the height profiles 

at different maximum voltages and the dashed curves are the residual deformation after each 

cycle. In this experiment, the tip of the beam touched the dielectric Iayer with the height 

of -3.2 fim at around 60 V. After this cycle, more parts of the beam contacted the ground. 

This voltage is referred to as the pull-in voltage. When the voltage exceeded 89 V, plastic 

deformation was discovered and it increased with the maximum voltage. 

Meanwhile, in order to understand the time-dependent behavior of thin films in RF-MEMS, 

a micro beam of Al-Cu (1 wt.%) alloy with an average grain size of about 20 ]lm was tested by 

a micro-damp device in figure 1.4a [2, 3]. The beam was deflected by approximately 875 nm at 

room temperature for 44 hours. After unloading, besides an instant elastic recovery, the beam 

recovered from about 25 nm to O nm in 8 hours as shown in figure 1.4b. This time-dependent 

phenomenon is referred to as anelasticity of metals. It is believed that this anelastic recovery 

is related to the evolution of the microstructure of metals. 
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Figure 1.3: Height profiles at different voltages and the residual deforrnation after the cycles 

in the electrostatic experiment [1]. 

(a) sketch of the micro-damp device (2) 
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(b) anelastic recovery after the beam was released (3) 

Figure 1.4: Micro-damp experiment on Al-Cu thin films. 
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1.3 Objective 

This project aims to study the time-dependent behavior, in particular the anelasticity, of Al 

alloys used in RF-MEMS by finite element simulations. There are two material models used 

in the simulations: a strain gradient crystal plasticity (SGCP) model and an extended model 

based on the framework of the SGCP model. After an introduction of these two models in 

chapter 2, some finite element simulations with the SGCP model are discussed in chapter 3. 

These simulations involve bending and tension of several polycrystalline micro beams and the 

electrostatic experiment. Besides, a comparison of the electrostatic beam-bending experiment 

and the finite element simulations is also done in chapter 3. Chapter 4 presents simulations 

with the extended model and the micro-damp experiment is used to evaluate the extended 

model. Additionally, a thickness effect in metallic thin films is also investigated. In the end, 

some conclusions on the SGCP model and the extended model are given . 



Chapter 2 

Strain gradient crystal plasticity 

Plastic deformation in crystalline materials is related to dislocation motion. In continuum me

chanics, a dislocation density is introduced to describe numbers of dislocations in crystalline 

materials. The strain gradient crystal plasticity (SGCP) framework discussed in this thesis is 

a dislocation density-based model that connects dislocations (a microscopie property) to con

tinuum plasticity (a macroscopie property). 

A SGCP model [6-11] is introduced in the first section. Besides, an extended model for 

particle strengthened alloys is developed based on the framework of the SGCP model [12]. 

The slip rate equations in the extended model are dealt with in the second section. 

2.1 Strain gradient crystal plasticity model 

2.1.1 Framework 

Firstly, the framework of the SGCP model is introduced as illustrated in figure 2.1. lt is as

sumed that the total deformation contains two parts: elastic and plastic deformation. The 

deformation gradient tensor F at one point can be written as 

F=Fe ·Fp, (2.1) 

where Fe represents the elastic deformation and Fp denotes the plastic deformation. 

A hyper-elastic formula is adopted for elasticity: 

S = C: Ee , (2.2) 

5 
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Figure 2.1: Framework of the SGCP model. 

The second Piola-Kirchhoff stress tensor S is defined by 

S = F,--;- 1 
• r • F,--;-T with r = J"<r, (2.3) 

where T is the Kirchhoff stress tensor, <T is the Cauchy stress tensor and/,, = det(F,,). Since 

the volume remains constant during the plastic deformation, det( F p) = 1, resulting in J,, = 

det(F ). Besides, the Green-Lagrange strain tensor E" is defined by 

1 T 
E,, = 2. ( F,, . F,, - I) I (2.4) 

with I the second order identity tensor. 

On the other hand, the plastic deformation gradient tensor F p is related to the plastic ve

locity gradient tensor Lp: 

(2.5) 

It is assumed that the plastic velocity gradient tensor is composed of the contributions of all 

slip systems: 
11 , 

Lp= L 'tPö with Po= s0n0, (2.6) 
a: = 1 

where t"' is the slip rate on each individual slip system and ns is the total number of slip 

systems. Here, a slip system a: is identified by the Schmid tensor Po, which is the tensor 

product of the slip direction s0 and the associated normal unit vector n0 of the slip plane. 

The slip rate on the slip system a: is determined by a viscoplastic power law: 

(2.7) 
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with i'o and m representing the reference plastic shear rate and the rate sensitivity exponent. T 

and k are the absolute temperature and Boltzrnann's constant, and Go is the thermal activation 

energy for dislocation motion at zero stress. 

The effective shear stress T:ff is the driving force of dislocation motion on the slip system a 

and is determined by 

-r:'ff = T IX - Tb with ~ = S : pg , (2.8) 

where ~ is the Schmid stress and ~ is the yet to be defined resolved back stress. 

The slip resistance slX is a measure of the resistance of dislocation motion on the slip sys

tem a. In the SGCP model, the short-range interaction between dislocations is considered as 

the slip resistance and it is expressed as a function of the geornetrically necessary dislocation 

(GND) density and the statistically stored dislocation (SSD) density. Let p~ND,e denote the 

edge GND density in the slip system ç and p~ ND,s refer to the corresponding screw GND den

sity. Besides, only edge SSDs are considered in the SGCP model and the SSD density in the 

slip system ç is denoted as pf50. Then, the expression of the slip resistance is written as 

ns 
IX eb " (clXÇ ç clXÇ ç c lXÇ ç ) s = C /_,; e Psso + e PGND,e + s PGND,s , 

Ç= l 

(2.9) 

where c is a numerical constant; G is the shear modulus; b is the magnitude of the Burgers vec

tor and c;(~) are interaction coefficients representing the strength of the interactions between 

edge (screw) dislocations in the slip system a and the ones in the slip system ç. 

2.1.2 Internal stress formulation 

The resolved back stress Tb is a projection of the intemal stress crint on the corresponding slip 

system: 

-,-IX = _ (Tint . nlX 
•b · .i-o, (2.10) 

where the minus sign means that the back stress is obstructing the dislocation motion. 

In the SGCP model, the intemal stress at one point xo is an overall interaction from nearby 

dislocations. For SSDs, the net intemal stress contribution is neglected since they usually have 

random orientations. However, due to the preferred orientations, the contribution of GNDs 

cannot be ignored. Therefore, the intemal stress can be written as 

crint = t" jr { (crind PIX + crind PIX )dA = crint + crint , /_,; Is~ e GND,e s GND,s e s 
IX= l « 

(2.11) 
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where Sa is a dislocation capture region of GNDs in the slip system /.\'. and Pc ND,e(s) is the 

nearby edge (screw) dislocation density. er~(~) means the intemal stress from an individual 

edge or screw dislocation located in the elemental surface dA and it can be estimated from the 

elastic stress associated with individual edge and screw dislocations in an infinite medium [6, 

7]. The dislocation capture region Sa is assumed as a disk with a dislocation capture radius R 

and the nearby GND densities are linearized by 

PcND,e(s) = pg,GND,e(s) + V oPcND,e(s) . (x - xo) I 
(2.12) 

where PS,cND,e( s) is the edge (screw) GND densities at point xo and Va is the gradient with re

spect to the reference configuration. Then, the internal stress formulation of edge dislocations 

can be analytica! obtained: 

GbR2 n, 
int -----,-------,- ~ T"7 IY [ IY IY IY IY IY lt lt IY IY IY IY IY IY IY "'] 

ere = 8(l _ v) 1t7:i v oPcND,e · 3no5o5o + nonono + 4vnoPoPo - 5o5ono - 5 ono 5o , (2.13) 

and for screw dislocations, the internal stress is written as: 

(2.14) 

where n0 and s0 are the normal and slip direction of the slip system /.\'. and Po = s0 x n0. lt 
should be mentioned that the linearization of the nearby GND density in equation (2.12) does 

not hold for a large value of R and it implicitly limits the upper bound of R. Therefore, it is 

usually empirica! to find a suitable value for R . 

2.1.3 Dislocation density evolution 

Evolution of the edge 550 densities is based on the balance between the accumulation and 

annihilation according to [5]: 

·IY } ( } lt ) 1 ·lt 1 Psso = b u - 2YcPsso 1' with Psso(t = O) = Psso0 , (2.15) 

where Yc is the critica! annihilation length and L"' is the average dislocation segment length of 

550s on the slip system /.\'.. The expression of L"' is written as 

K 
L Cl = -----;= = = = = = = = === ===== = 

_.,1 2 (M"' i: i: M"'s i: M"'i: ç ) 
L,(: = 1 " . Psso + <' PcND,e + s . Pc~ND,s 

(2.16) 

The coefficients M:f~) represent the mutual immobilization between dislocations of different 

slip systems and they are analogous with the coefficients c;[ ) in equation (2.9). 
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In order to restore lattice continuity, GNDs are generated during the plastic deformation. 

In the SGCP model, it is believed that gradients of the plastic deformation determine GNDs [ 6-

8]. In the slip system (X., only slip gradients in the slip plane of this slip system tt can give rise 

to an incompatibility which causes GNDs. Slip gradients in the slip direction will induce edge 

dislocations: 
IX IX 1v IX IX 

PGND,e = PGND,eo - b o'Y · sa , (2.17) 

whereas screw dislocations are generated to accommodate slip gradients in the direction per

pendicular to the slip direction. 

IX _ IX + 1v IX IX 
PGND,s - PGND,so b o'Y · Po · (2.18) 

Here, Pc;ND,e(s)o is the initia} value of GND densities. 

2.1.4 The SGCP model for FCC materials 

In this thesis, only face centered cubic (FCC) materials are considered. For an FCC crystal, 

there are twelve slip systems as shown in table 2.1. Then there are 12 SSD densities Pc;ND, tt = 

1, ... , 12. Noticing that the tensors in the equation (2.14) satisfies the following relation 

-n~1s~1p~1 _ n~1p~1s~1 + p~1s~1n~1 + p~1n~1s~1 =-n~2s~2p~2 _ n~2p~2s~2 + p~2s~2n~2 + p~2n~2s~2 , 

(2.19) 

where tt1 and tt2 are the matching screw GND densities in table 2.2. Because the screw GND 

densities tt1 and tt2 have the same tensor part in the intemal stress, they can be combined as 

an effective dislocation density 

ç _ 1X1 1X2 _ ç 1 (V IXJ IXJ + V 1X2 1X2) 
PcND - PGND,s + PcND,s - PcND0 + b o'Y · Po o'Y · Po , (2.20) 

where the vector p~; is defined as 
IX · IX · IX · 

Po' = sa' x no' · (2.21) 

It should be mentioned that this definition is different from the one in [8, 9], in which the vector 

p~i was previously defined as 

(2.22) 

resulting in sign differences for some slip systems. 

By using the effective screw GND densities, the edge and screw dislocation densities can 

be unified into p~ND' ç = 1, ... , 18 for simplicity. Here, p~ND' ç = 1, ... , 12 are the corre

sponding edge GND densities and p~ND' ç = 13, ... , 18 are the effective screw GND densities 

in table 2.2. 
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a: sa 
0 

na 
0 

1 }i [ïlü] 13(111) 

2 J2 [lOÏ] 13 (111 ) 

3 }i[üÏl] 13(111) 

4 }i [ïîo] 13
(1ïî ) 

5 }i [lül ] 13
(1ïî) 

6 }i [ülÏ ] 13
(1ïî ) 

7 J2 [110] 13
(ïlï ) 

8 }i [ïül] 13
(ïlï ) 

3 

9 }i [üïï] 
1 - -
)3(111 ) 

10 J2 [1 ÏO] 13 (ïïl) 

11 }i [ïoï ] 1 - -)3(111) 

12 }i [üll] 13 (ïïl) 

Table 2.1: Slip system (a:) with their corresponding normal (n0) and slip directions (s0) unit 

vectors for an FCC crystal. 

Ç a:1 a:2 

13 7 4 

14 5 11 

15 12 9 

16 1 10 

17 2 8 

18 3 6 

Table 2.2: Relationship of the effective screw GND densities (ç) and the screw GND densities 

(a: ). 

Based on the above discussion, the internal stress from screw GNDs can be obtained by 

(2.23) 
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Moreover, the expression of the slip resistance is rewritten as 

(2.24) 

where Aa:ç is defined in [4] and [5]. And the average dislocation segment length of SSDs on 

the slip system tx, La: is also rewritten as 

K 
La: = -----;============== 

r:g,1 Ha:ç IP~sol + E!~1 Ha:ç lpfNol 
{2.25) 

where Ha:ç is defined in [5]. 

2.1.5 Finite element implementation 

According to the framework in figure 2.1, the displacement and the GND densities together 

define the state of a material point. Therefore, three displacement degrees of freedom (DOFs) 

and eighteen GND densities DOFs are required for a node in the finite element routine. The 

finite element software used in this project is ANSYS 12. A user-defined element in ANSYS, 

USER300, shown in figure 2.2, is adopted in order to implement the SGCP model. 

s ___ , 15 1 

?, 0 ~ ' p~~J '1l 19 

"~~--!hr~ rn' 

1 9 2 

Figure 2.2: 20-node user defined element, USER300. Node 1 to node 8 have three displacement 

DOFs and eighteen GND densities DOFs; node 9 to node 20 have only three displacement 

DOFs. 

Besides, boundary conditions are required for the GND densities. There are two types of 

boundary conditions for the GND densities: free surface and hard surface. The free surface 

means dislocations can slip freely through this surface, inducing a zero GND density at the 

surface. On the other hand, the hard surface prohibits dislocation motion and results in a zero 

slip rate. 
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Moreover, grains are rnodeled as separate volumes in ANSYS and there are double nodes at 

the grain boundary. The displacernent DOFs of these nodes at the grain boundary are coup led 

for kinernatic cornpatibility. Since it is assurned that dislocations cannot slip through the grain 

boundary, the GND densities of these nodes are not coupled. The orientation of one grain 

is deterrnined by three Euler angles of the crystallographic coordinate axis and the global 

coordinate axis. 
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2.2 Extended model for particle strengthened alloys 

In particle strengthened alloys, there exists an interaction between a dislocation and particles 

which is not considered in the SGCP model. Based on the framework of the SGCP model, an 

extended model was developed for particle strengthened alloys [12]. At the beginning of this 

section, deformation mechanisms in particle strengthened alloys are discussed. Thereafter, 

rate equations for different mechanisms are dealt with respectively. 

2.2.1 Deformation mechanisms 

A dislocation may overcome a particle by different mechanisms depending on the property of 

the particle. If the particle is incoherent and the resolved shear stress is sufficiently large, the 

dislocation can bypass the particle, referred to as the Orowan mechanism. On the other hand, 

when the particle is coherent, it may be sheared by the dislocation, referred to as the Friedel 

mechanism. Moreover, a dislocation can circumvent the particle by climb for edge dislocations 

or cross-slip for screw dislocations. 

The extended model for particle strengthened alloys is based on the framework of the 

SGCP model in figure 2.1. The slip rate equation (2.7) for the slip system « is modified in this 

model. The mechanica! analogue in figure 2.3 illustrates the plastic slip rate in the extended 

model. 

'YO,e 

'"' "YR,e 

. -rf,e 
------ .. · -c> 

. "' I F,e 

J-~ - Ttjf 

: r 2,s 

"te, • 

Figure 2.3: Mechanica! analogue in the extended model [12]. 

Under the effective shear stress calculated by equation (2.8), the overall slip rate Y is a 

sum of the slip rate due to mobility of edge dislocations t: and the slip rate due to screw 
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dislocations i'~. 

(2.26) 

During sliding, a dislocation will encounter resistance of other dislocations and particles. 

Therefore, the effective shear stress for the dislocation is divided into two components: r{e(s) 

to overcome the interaction of other dislocations and rf,e(s) for the interaction between the 

dislocation and particles. 

(2.27) 

Because a part of edge dislocations may overcome particles by climb, the slip rate of edge dis

locations is the sum of the climb process i'c,e and the unobstructed slip process i'te· Cross-slip 

is not considered in this extended model and the slip rate of screw dislocation just comes from 

the unobstructed slip process i'R 
5

• In the mechanica! analogue, according to equation (2.27), 

the unobstructed slip process i'~,e(s) should be parallel with the Orowan process i'2i,e(s) and 

the Friedel process i'~,e(s) 

·Ct 
'Ye = • (t ·et 

Î'R,e + 'Yc,e 

· Ct + · (t = Î'O,s Î'F,s · 

In the following subsections, rate equations of these processes are given. 

(2.28) 

(2.29) 

Before the rate equations, some background knowledge is required to describe the interac

tion between the dislocation and particles. The particles are assumed as ideally spherical and 

the average particle size is denoted as r. An average planar radius r5 is defined as [13, 14) 

T[ 
r, = - r . . 4 (2.30) 

The spacing of particles distributed in a regular square array Lee is given by [14) 

(27f) ~ 
3f r I 

(2.31) 

with f the volume fraction of particles. 

In particle strengthened alloys, a dislocation will bow out due to the presence of particles 

as shown in figure 2.4. The force balance of a particle at a critica! state is written as [13) 

F = 2r c cos (/Je . (2.32) 

The critical shear stress can be estimated by [14) 

(2.33) 
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0 0 T~JJ = Û 

À 
0 

0 

0 

Figure 2.4: A dislocation obstructed by particles [13]. 

Here, f is the maximum shear force which the particle can sustain and is referred to as the 

particle strength; r c is the line tension of the dislocation and <Pc is the critica! angle between 

the shear force and the line tension. When <Pc = 0, i.e. f = 1, the dislocation overcomes the 

particle by the Orowan mechanism and the resistance in the Orowan process ToR is equal to 

Te, When <Pc > 0, i.e. f < 1, the Friedel mechanism is active and Tf R = Te, 

In the following subsections, only equations for edge dislocations are discussed. For screw 

dislocations, the resolved shear stress is replaced by Tf,
5 

and the subscript "e" is replaced by 

"s". 

2.2.2 Unobstructed slip 

The unobstructed slip process reflects the dislocation glide without particles and the slip resis

tance in this process is due to the long-range interaction of dislocations. Therefore, it is quite 

analogous with the origin SGCP model and the symbols in the following equations have the 

same meaning as the ones in the origin SGCP model. The unobstructed slip rate is given by 

the Orowan type flow rule: 

(2.34) 

with P~,e the mobile dislocation density in slip system a, b the Burgers vector and iï!v,e the 

corresponding dislocation velocity. The mobile dislocation density can be estimated from the 

total dislocation density: 

P~,e = <1>( IPGND,e 1 + IPsso,e 1) , (2.35) 

where <I> is a mobile fraction. 

The average dislocation velocity for the unobstructed slip process is given by a combination 
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of the viscous motion iY:d' and the jerky glide ü il:th [15]: r,e ,e 

( )

- 1 
-il: 1 1 
V = - - + - -av,e tJil: vit 

dr,e th,e 

(2.36) 

The viscous motion is linearly dependent on the resolved shear stress Tf,e 

-1t b il: • h kT 
Vdre = -B T1 e wit B = ~ , 

' ' llWA 
(2.37) 

with O the atomie volume and atomie frequency W A = v5 / b (v5 is the speed of sound in the 

material). The jerky glide velocity is calculated by 

where Ld is the effective mean planar distance and is given by 

The activation energy !'!.Gf,e is related to the resolved shear stress 

. 1t cGb 
w1ths = p ' 

d 

(2.38) 

(2.39) 

(2.40) 

where l'!.F0 is the activation energy for the dislocation motion at zero stress. The slip resistance 

sit is similar with the one in equation (2.24) 

1t cGb 
s =u 

d 

A } 

with c = ( 2~J 2 

(2.41) 

Here, the line tension is approximated by f c = ½Gb2 . In practice, cis an input variable. So the 

strength f: is determined by c and r c in the unobstructed slip process. 

2.2.3 Orowan and Friedel mechanisms 

In the Friedel mechanism, the coherent particle is sheared by the dislocation and it is quite 

similar to the jerky glide in the unobstructed slip process. Replacing the sampling length and 

the activation energy, the dislocation velocity in the Friedel process is written as 

(2.42) 
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Toen the slip rate in the Friedel process is 

·tt tt b-tt 
IF,e = Pm,e VF,e · (2.43) 

The particle strength fis dependent on different strengthening mechanisms [13, 14]: 

• chemica! strengthening; 

• stacking fault strengthening; 

• coherency hardening; 

• modulus hardening. 

These various strengthening mechanisms lead to different particle strengths (equations off in 

different mechanisms are given in appendix B). In practice, the particle strength f is the max

imum strength. The slip resistance in the Friedel process TFR,e is estimated from the particle 

strength according to equation (2.33) and the expression is 

2fee ( f ) i 
TFR,e = bL;e 2fe,e ' 

(2.44) 

where the line tension r e,e(s) is obtained by 

fe,e = - 1 + V - 3v 1 - - -- 1n ~ Gb2 { [ 1 ( f ) 
2
] } R 

4n 3 2fe,e R; 
(2.45) 

fe,s = - - l+v-v -- ln~, Gb2 [ ( f )
2
] R 

4Tr 2fe,s R; 
(2.46) 

with R0 the outer cut-off radius and R; the inner cut-off radius. 

The activation energy is complicated and is dependent on the strengthening mechanisms [13, 

14]. 1n practice, it is a sum of the activation energies of different strengthening mechanisms 

(2.47) 

The slip rate in the Orowan process is also given by the Orowan type flow rule 

-tt tt b-tt 
10,e = Pm,e Vo,e · (2.48) 

Because the particle is impenetrable in the Orowan mechanism, f 1 and the sampling 

length equals with the mean planar distance Lee• The dislocation velocity in the Orowan pro

cess is 

(2.49) 
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where the Orowan stress can be estimated by [16) 

l 

ToR = 0_93 Gb ln (2wdr) [ln(2wdr/b)] 
2 

2rr/l=vwr b ln(2w1r /b) 
(2.50) 

and the activation energy is 

L'lGö e = L'lGo (1 - ITz,e l ) 
' TOR 

(2.51) 

Here L'lGo is the activation energy of the Orowan mechanism at zero-stress state. It is usually 

estimated by llGo = nG"b~ where the subscript "p" means particles and n 2: 2 is a constant. 

2.2.4 Climb mechanism 

In particle strengthened alloys, when a dislocation is surmounting a particle by climbing, it is 

required to overcome a climb energy harrier and a detachment energy harrier [17). In the ex

tended model, it is assumed that there is a sufficiently strong attraction force between particles 

and the dislocation. It means that the activation energy in the climb process is determined by 

the detachment energy harrier which is given by [17) 

wit - - - - n -. hr_ Gb
2 

1 - 2v 1 (2r, ) 
47T 1 - v Ri 

(2.52) 

In [17), the detachment threshold stress Td depends on the Orowan stress:. 

Tri = ✓ l - ki TOR . (2.53) 

Here kR is an empirica! relaxation factor describing the relaxation of the dislocation strain 

field in the vicinity of the particle-matrix interface [17]. Besides, [18) proposed a modified 

detachment threshold stress equation 

(l _ k2) 3/ 4 
T = - - - --~ Ti 

d l + (1 - k2)3 /4 OR . 
(2.54) 

In this thesis, equation (2.54) is adopted since it results in a smaller detachment threshold 

stress [18). The dislocation velocity in the climb process has a similar expression as equa

tion (2.42): 

(2.55) 

The frequency is determined by an effective diffusion constant Deff· The sampling length L1 is 

( L~c) 2 ! À when TfR < TfR and is Lee in other cases. Finally, the slip rate in the climb process is 

• a a b-a 
'Yc,e = Pm,e Vc,e . (2.56) 



Chapter 3 

Simulation with the SGCP model 

This chapter discusses results of finite element simulations with the SGCP model. These sim

ulations are grouped into two parts: 

• Mechanical tension and bending of simple block beams are simulated in the first section. 

Mesh sensitivity and grain size effect are examined in both cases. 

• Multiphysics simulations are studied in the second section. A large anelastic recovery 

is discovered in a simulation of a polycrystalline micro beam in the beginning. This 

recovery is further studied by examining the influences of the material parameters in 

the viscoplastic power law. Afterwards, the SGCP model is evaluated by comparing the 

numerical simulations and the electrostatic experiment. 

3.1 Mechanica! simulation 

This section deals with tension and bending simulations of a simple block beam as shown in 

figure 3.1. In the beginning, a mesh sensitivity study is done. Thereafter, the grain size effect 

of metallic thin films is checked in the tensile and bending cases. 

3.1.1 Mesh sensitivity 

In [9], several micro beams with thicknesses ranging from 75 to 300 µm were simulated and 

it was stated that the mesh density should have a limited influence according to a previous 

mesh sensitivity study [19). However, the micro beam in figure 3.1 is a thin film and it is quite 

19 
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20µm 

z T 
5 µm 

-+------- ------- --~_L 
150 !JID 

X 

Figure 3.1 : The micro beam discussed in this section. The left end is constrained: the red 

arrows indicate the constraint of the vertical displacement (UZ); the blue arrows represent the 

constraint of the displacement in X-direction (UX); the green arrows are the constraint of the 

displacement in Y-direction (UY). The loading is applied to the right end which is referred to 

as the free end. 

different from the models in [9]. Therefore, it is necessary to recheck the mesh sensitivity. For 

simplicity, the micro beam was considered as a single crystal which is aligned with the axes of 

the global coordinate system. 

Bending of the micro beam is studied firstly. The loading with a maximum displacement 

3.2 71 m is shown in figure 3.2. In the mesh sensitivity study, regular meshes are used, of which 

one example is shown in figure 3.3. Four layers of elements through the thickness are used for 

the bending simulations. 

0 

-1 

E 
2: -2 
N 
::, 

-3 

0 100 200 300 400 500 

Time [s] 

Figure 3.2: Loading in the bending case: the beam is released in 0.4 s after 500 s and the 

simulation ends at 600 s. 
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Figure 3.3: Regular mesh of the single crystalline micro beam with 480 elements. 

Some material parameters of the SGCP model are given in table 3.1 and they are also used 

in all mechanica! simulations in this section. Numerical constants Aaç and Haç are taken 

from [8, 9]. For the dislocation capture radius, according to [11], the lower bound is determined 

by the GND spacing (usually, it is around 0.1 µm) and the upper bound is mainly dominated 

by the element size. As the thickness is only 5 µm, the dislocation capture radius is set as 1 µm. 

Four simulations with 120, 480, 1200, 3000 elements are conducted with both free surface 

and hard surface conditions. The maximum total reaction force during the deformation and 

the average of overall GND densities 1 of nodes at the fixed end were recorded as shown in 

figure 3.4. It is found that the maximum reaction force is almost independent from the number 

of elements and the average GND density is sensitive to the mesh. A satisfactory solution is 

realized when the number of elements is larger than 1200, i.e. the element size in the XY 

plane is smaller than 4 µm. It may be mesh insensitive when the element size is smaller than 

the dislocation capture radius [8, 11, 19]. Nevertheless, considering the computation time, an 

appropriate element size in the XY plane is around 3 µm. 

In the tensile case, the number of layers has to be reduced to decrease the computation 

time. Therefore, an effect of the number of elements in thickness is studied in the tensile case. 

The loading applied to the free end is shown in figure 3.5. 

Two models with the same mesh density in the XY plane but with different amounts of 

elements through the thickness are computed. Some results, such as the maximum engineer

ing stress and the residual displacement UX of the tip UXtip liso.o 5 are given in table 3.2. The 

maximum engineering stress and UXtip 1100.0 5 seem to be insensitive to the number of layers; 

1The overall GND density is PGN D = ✓E~2 (p~ND)2 + ½Ern(P~ND)2. For simplicity, the GND density in the nu

merical results always refers to the overall GND density in this thesis. 
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Parameter Description Value 

C1 parameter in stiffness tensor 95.23 GPa 

C2 parameter in stiffness tensor 40.40 GPa 

C4 parameter in stiffness tensor 53.84 GPa 

G shear modulus 26.92 GPa 

V Poisson's ratio 0.37 

m exponent in the power law 10.0 

Go activation energy 30.0 X 10-S pJ 

T temperature 293 K 

b Burgers vector length 0.286nm 

K dislocation segment length 10.0 1,m 

.1/c critica) annihilation length 1.6nm 

C constant in equation (2.24) 0.3 

PSSDO initia) SSD density 7.0 J,lm - 2 

i'o reference slip rate 0.001 ç l 

R dislocation capture radius 1.0 firn 

Table 3.1: Material parameters used in the mechanica! simulations. 
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Figure 3.4: Mesh sensitivity results of the simulations for the bending case. 
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Figure 3.5: Loading in the tensile case. The maximum displaceinent is 0.5 µm. The loading is 

removed after 100 s and the simulation ends at 150 s. 

however, the maximum GND density is still sensitive to this number. Since the number of 

layers has a limited influence on the displacement and the stress, it is still feasible to adopt 

three layers in the tensile case. 

Single crystal with free surfaces 4-layer 3-layer 

Max eng. stress [MPa] 37.9810 38.1955 

UXtipliso.o s [µm] 0.4258 0.4251 

Max GND density [µm - 2] 7.2592 4.8174 

Table 3.2: Influence of the number of layers in tension simulations. 

3.1.2 Grain size effect 

The tensile case 

In the tensile case, three polycrystalline models with randomly chosen orientations (figure 3.6) 

under the free surface condition are simulated. For simplicity, there is only one grain in the 

thickness as illustrated in figure 3.7. The loading is the same as in figure 3.5. The 12-grain 

model and 24-grain model are calculated five times with random orientations each time. For 

the 44-grain model, it is only computed one time because of the computational costs and the 

effect of orientation is not very significant due to the large number of grains. 

In the SGCP model, dislocations cannot slip through the grain boundary and they have to 
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(a) 12 grains, average grain s ize 17.59 11m 

(b) 24 g rains, average grain s ize 12.58 11m 

(c) 44 grains, average grain size 8.97 11m 

Figure 3.6: Fini te element models in the tensile case. Different colors represent different grains 

and the fixed end is on the left side. 

Figure 3.7: 3D representation of the 12-grain model in figure 3.6. 

0 6 . 667 
3 . 333 10 

Figure 3.8: GND distribution ([µm - 2)) in Z 

with free surfaces. 

20 26 . 66 7 
1 6 . 66 7 23 . 333 30 

1.67 µm at 100.0 s, 44-grain model (8.97 µm) 
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pile-up near the grain boundary. As shown in figure 3.8, high values of the GND density arise 

near the grain boundaries and relatively low values appear in the middle of the grains. 

When the grain size decreases, there are more grain boundaries and dislocation motion is 

prohibited more easily, resulting in a stronger beam, which is known as the Hall-Petch effect. 

In the numerical results, the yield stress can be estimated from the load-displacement curve 

and it is around 30 MPa when the displacement is 0.06~0.07 µmin figure 3.9a. In figure 3.9a, 

the 44-grain model has the highest yield stress and the 12-grain model has the lowest average 

yield stress. Moreover, due to the evolution of dislocation densities, stress relaxation is also 

found from 50.0 s to 100.0 s as shown in figure 3.9b. 

45 45 
40 40 

ro 35 ro 35 
a.. 30 5 
1/) 25 

a.. 30 5 
1/) 25 

1/) 1/) 
Q) 20 .... ~ 20 
êiî 15 cii - - 12 grains 
C: 10 --24 grains w 

êiî 15 cii 
C: 10 w 

- - 12 grains 
-- 24 grains 

5 --44 grains 5 --44grains 

0 0 
0.0 0.1 0.2 0.3 0.4 0 20 40 60 80 100 

Eng. strain [%] Time [s] 

(a) engineering stress vs. engineering strain (b) engineering stress vs. time 

Figure 3.9: Engineering stress of the simulations in the tensile case. For 12-grain models and 

24-grain models, the curves are the average engineering stress of five simulations. 

The maximum engineering stresses with different grain sizes are shown in figure 3.10. lt 

illustrates that the maximum engineering stress is decreased with increasing grain size and the 

error-bar of the 24-grain models is shorter than the one of 12-grain models. The above results 

shows that the grain size effect is successfully simulated by the SGCP model and the effect of 

the orientation becomes less important for the small grain model. 

In the tensile case, some anelastic recovery is found in the results. Table 3.3 shows the 

average recovery of the tip c5UXtip in 50 s, i.e., the difference of UX of the tip at the beginning 

of the recovery UXtipl100.o s and UX of the tip at the end of the simulation UXtipliso.o 5 • lt is 

interesting to notice that the anelastic recovery is larger for small grain models, although all 

values are very small. 
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Figure 3.10: Max engineering stress vs. grain size in the tensile case. The error bar represents 

the standard deviation of five simulations. 

grain size max eng. stress relaxation UXtip li so.o s 

[Jim] [MPa] percentage[%] [11m] 
5UX1ip [nm] 

17.59 35.389 (1.084) 7.086 (0.128) 0.426 (0.003) -0.009 (0.008) 

12.58 40.544 (0.772) 6.285 (0.041) 0.418 (0 .003) -0.023(0.015) 

8.97 45.040 5.917 0.406 -0.083 

Table 3.3: Average results for the tensile case. The relaxation percentage is defined as the ratio 

of the decreasing value of the reaction force in relaxation and the maximum reaction force; the 

UXtip liso.o s and 5UX1ip are taken from a node at the free end; the value in the brackets is the 

corresponding standard deviation. 

The bending case 

Two models shown in figure 3.11 are investigated for the bending case. Because that the stress 

is close to zero near the free end but it is high near the fixed end in the bending situation, plastic 

deformation only occurs near the fixed end. Besides, the grain boundary does not influence 

the elastic deformation in the SGCP model. Therefore, small grains appear near the fixed end 

and the average grain size is calculated by considering the grains near the fixed end only. The 

loading is the same as in figure 3 .2. In order to obtain a statistica! result, each polycrystalline 

model is computed five times with random orientations. 

Table 3.4 lists various results of the bending simulations, including the maximum normal-
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(a) 10 grains, average grain size near the fixed end is 11.62 71m 

(b) 16-grain, average grain size near the fixed end is 8.34 71m 

Figure 3.11: Finite element models for the bending case. 

grain size max normalized reac- relaxation UZtip l6oo.o s JUZtip 
surface 

[µm] tion force [MPa] percentage [%] [µm] [nm] 

-0.882 0.084 
free 11.62 22.702 (1.030) 3.41 (0.21) 

(0.113) (0.120) 

-0.851 0.139 
free 8.34 22.981 (0.617) 3.30 (0.30) 

(0.071) (0.053) 

-0.500 0.122 
hard 11.62 25.932 (0.589) 1.87 (0.18) 

(0.074) (0.042) 

-0.516 0.186 
hard 8.34 26.107 (0.616) 1.83 (0.26) 

(0.057) (0.117) 

Table 3.4: Average results for the bending case: only the average value of five simulations is 

presented and the value in the brackets is the corresponding standard deviation. 

ized reaction force 2, the relaxation percentage, the vertical displacement UZ of the tip at the 

end of the simulation UZtip l6oo.o 5 and the recovery JUZtip in 100.0 s. Similar as in table 3.3, the 

relaxation percentage and UZtip 1600.0 5 decrease with decreasing grain size due to less plastic 

deformation. The grain size effect is still observed in the bending case although the differences 

of the maximum normalized reaction farces are not as significant as the engineering stress in 

the tensile case. 
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Conclusion 

According to the results of the mechanica! simulations, the SGCP model can simulate the time

dependent behavior such as stress relaxation due to the evolution of dislocation densities. 

Anelastic recovery is also observed, although it is very small. Further study on the anelastic 

recovery is done in next section. 
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3.2 Multiphysics simulation 

A multiphysics simulation in this thesis refers to a electromechanical problem, in which two 

layers of thin films acting as the electrodes can deform with the applied voltage. It involves 

coupling of forces produced by an electrostatic field (the applied voltage) with a mechanica! 

device (the thin films). Therefore, a transducer is required in the multiphysics simulation 

to convert the energy from an electrostatic domain into a structural domain. In this thesis, 

TRANS126, a two-node line transducer element in ANSYS (more details of TRANS126 can be 

found in appendix A), is used for this purpose. 

A large anelastic recovery is discovered in a multiphysics simulation of a polycrystalline 

micro beam and the related mechanism is investigated by using the SGCP model in this sec

tion. The anelastic recovery is further studied based on a study of the material parameters 

sensitivity. Thereafter, the results of the electrostatic beam-bending experiment are reproduced 

with finite element simulations. 

3.2.1 Anelastic recovery by the SGCP model 

The numerical model in the following multiphysics simulations is illustrated in figure 3.12. 

The 12-grain model in figure 3.6a is used for the polycrystalline micro beam and TRANS126 

elements are placed at the bottom of the beam. Moreover, several contact elements are used to 

simulate the dielectric layer that is 3.2 µm under the beam. The contact element with an initia! 

gap of 3.2 µm will become extremely stiff like the dielectric layer, when its thickness or length 

is close to zero. In this project, two types of elements in ANSYS are used: COMBIN39 (a two

node nonlinear spring element) with self-defined real constants and INTER195 (an eight-node 

3D solid element) with self-defined gasket material behavior. 

z 150 

Figure 3.12: Schematic representation ([µm]) of the numerical model and boundary conditions 

in the multiphysics simulations. Transducer elements are placed at the bottom of the beam. 

Contact elements are not shown in this graph. 
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In the multiphysics simulation, the micro beam is loaded by applying voltage to the trans

ducer elements. The applied voltage is shown in figure 3.13. According to the electrostatic 

experiment, the beam contacts the ground at the pull-in voltage. This behavior is strongly 

nonlinear and requires a large substep number at the pull-in voltage, which is very expensive 

for USER300 with the SGCP model. Thus, the pull-in of the beam is passed by applying a 

mechanica) constraint to the beam and moving the constrained nodes towards the ground at 

a smaller voltage. After the beam touches the ground, the voltage starts to increase again and 

exceeds the pull-in voltage. When the electrostatic force from the transducers and the reaction 

force at the fixed end of the beam are in equilibrium, this mechanica) constrain is removed 

and the voltage continues to increase. During the unloading stage, an analogous procedure is 

followed when the computation encounters difficulties of convergence. 

180 
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Figure 3.13: Applied voltage in the multiphysics simulation: the voltage reaches 180 Vin 1.8 s 

and it is zero from 3.6 s to 10.0 s. 

Results 

Height profiles obtained at different instants are shown in figure 3.14. The beam is initially 

horizontal and the pull-in voltage in this simulation is about 135 V. Therefore, when the voltage 

is 130 V at 1.3 s, the deformation of the beam is not severe. At 1.8 s, the voltage reaches its 

maximum value of 180 V and the beam has already snapped on the ground. After 1.8 s, the 

beam is unloaded. The voltage is decreased to 60 V at 3.0 s. At this voltage, the beam with 

free surfaces retains about the same shape as the one at 1.8 s, while the profile of the beam 

with hard surfaces changes considerably. When the voltage becomes zero at 3.6 s, the residual 
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displacement of the beam with free surfaces is larger than the one of the beam with hard 

surfaces. 
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Figure 3.14: Height profiles of the polycrystalline micro beams at different instants in the 

multiphysics simulations. The solid curves are the profiles during the loading stage and the 

dashed curves represent the ones during unloading. 

Figure 3.15 shows the GND distribution along the beam length at various times. Fig

ure 3.15a shows that differences among the curves are very small for the free surface condition. 

Meanwhile, the GND density decreases during the unloading stage for the hard surface con

dition. The drop of the GND density near the fixed end of the bearn between 3.6 s and 10.0 s 

implies that the amount of GNDs is decreasing during this period i.e. during the anelastic 

recovery shown in figure 3.16. 

At 3.6 s, i.e. the beginning of the recovery, the tip of the beam is located at -2.781 µm for 

the free surface condition and at -1.272 µm for the hard surface condition. At 10.0 s, the Z

position of the tip is -2.765 µm for the free surface condition and -1.196 µm for the hard surface 

condition. Hence, from 3.6 s to 10.0 s, the tip of the beam recovers vertically about 15 nm 

for the free surface condition and 76 nm for the hard surface condition. This is relatively 

large in comparison with the recovery in the mechanica! simulations in the previous chapter. 

Figure 3.16 shows that the recovery speed is fast in the beginning and slows down with time. 

In the SGCP model, this anelastic recovery is related to dislocation glide. According to 

equation (2.8), the effective shear stress that is the driving force of the dislocation gliding is 

a surn of the Schmid stress and the back stress. When the voltage is zero, the extemal force 
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Figure 3.15: GND distribution along X-axis in the multiphys ics simulation . 
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Figure 3.16: Anelastic recovery in the period from 3.6 s to 10.0 s. U Z tip is taken from anode of 

the tip. 

becomes zero and the Schmid stress is relatively low compared the situation at the maximum 

voltage. On the other hand, since the amount of GNDs cannot decrease immed ia tely, the 

intemal stress due to the inhomogeneous distribution of GNDs still remains. Thus, the back 

stress may result in a reverse slip of d islocations. The macroscopie behavior for this reverse 

slip is a recovery of the d isplacement. In order to verify this view, the slip system that has the 

largest slip ra te at the beginning of the recovery is selected; the effective shear stress and the 

back stress in this selected slip system are given in figure 3.17. 

Figure 3.17a shows that the effective shear stress attains its largest magnitude near the 
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Figure 3.17: The average effective shear stress and the average back stress of the extemal 

surface Z = 0. They are normalized by the slip resistance in the same slip system. 

fixed end of the beam and the location where the beam is severely distorted when the voltage 

is 180 V at 1.8 s. It is reduced during unloading and changes its sign when the voltage is zero 

at 3.6 s. From 3.6 s to 10.0 s, there is no significant change in the effective shear stress. On the 

other hand, the back stress remains almost unchanged from 1.8 s to 10.0 sin figure 3.17b. It can 

be found that the effective shear stresses at the fixed end and the distortion point are almost 

twice as high as the back stress at 3.6 s and 10.0 s, which means that the Schmid stress is at the 

same level of the back stress during the anelastic recovery of the beam under the free surface 

condition. 
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In the case of the hard surface condition, the effective shear stress changes its sign already 

during the first part of the unloading. Figure 3.17c demonstrates that the effective shear stress 

is negative at 3.0 s. lt is interesting to notice that the highest back stress at 1.8 s and 3.0 s 

are twice as large as the slip resistance, while the effective shear stress is positive at 1.8 s and 

negative at 3.0 s. Hence, the Schmid stress has a great decrease during unloading. At 3.6 s and 

10.0 s, the curves of the effective shear stress are close to the ones of the back stress, indicating 

that the back stress has a great contribution to the effective shear stress during the anelastic 

recovery with the hard surface condition. 

The above analysis shows that the anelastic recovery is mainly driven by the back stress 

and that a larger back stress induces a larger anelastic recovery. However, it should be also 

noted that the anelastic recovery is as high as 75 nm in 6.4 s for the hard surface condition. It 

seems not to agree with the result of the micro-damp experiment [3]. Therefore, the analysis is 

extended further to investigate which terms control the behavior during the anelastic recovery 

by examining the influence of the material parameters in the viscoplastic power law. 

MateriaI parameter sensitivity 

In the SGCP model, the viscoplastic power law is written as 

(3.1) 

In this expression, terms limiting the plastic slip rate are: the stress ratio I r ; ff 1 / sa , the stress

sensitivity exponent mand the thermal energy ratio G0 /kT. These terms can be controlled by 

changing Psso
0

, c, m, Go and T . Hence, 11 sets of material parameters in table 3.5 are used in 

the material parameter sensitivity study. Set 0 is the reference set, which is the same as the one 

used in the mechanica! simulations in the previous section. Although the activation energy Go 

is numerically equivalent with the temperature 1/T, the effects of Go and T are still examined 

considering the difference of the physical meaning. 

Firstly it is assumed that the GND densities in the slip resistance (equation (2.24)) are zero 

and the corresponding slip rate can be computed by using various material parameters in 

table 3.5 according to equation (3.1). The relationship between the slip rate and the effective 

shear stress is shown in figure 3.18. When Psso
0 

and c increase, the slip resistance increases 

and it reduces the plastic slip rate when the stress is the same. Considering that the power 

law is not feasible for very high stress due to the unrealistic plastic slip rate, the influences 
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Set id. Psso0 [µm- 2] C m Go[pJ] T [K] UZtipl3.2 s [µm] öUZtip [run] 

0 7.0 0.3 10.0 30.0 X 10-8 293.0 -1.785 161.6 

sl 10.0 - - - - -1.826 103.2 

s2 20.0 - - - - -1.659 3.2 

cl - ·0.4 - - - -1.776 33.8 

c2 - 0.5 - - - -1.634 1.3 

ml - - 20.0 - - -1.786 142.4 

m2 - - 50.0 - - -1.799 119.4 

gl - - - 10.0 X 10- 8 - -1.823 513.9 

g2 - - - 20.0 X 10- 8 - -1.812 27.6 

tl - - - - 348.0 -1 .808 213.9 

t2 - - - - 373.0 -1.809 229.3 

Table 3.5: Material parameter sets used in the simulations and the results including UZtip at 

3.2 s and the recovery. "-" means that this value is the same as the one of set 0. 

of various parameters on the slip rate are examined for the stress that is smaller than the slip 

resistance. The increases of Go and m induce smaller plastic slip rate in this case. 

Finite element simulations simulations are performed by using different values of these 

parameters in table 3.5 to examine their effects on the residual deformation and the anelastic 

recovery. For simplicity, a single crystalline brick beam as in figure 3.12 with the crystal axes 

aligned with the global axes is studied and only the hard surface condition is considered. The 

applied voltage is shown in figure 3.19, in which the maximum voltage is 160 V and is higher 

than the pull-in voltage of around 135 V in all 11 simulations. As the time scale of the anelastic 

recovery in the micro-damp test is at the order of lü4 s, the anelastic recovery in this study 

lasts for 3 x 104 s. 

Firstly, height profiles at 3.2 s are plotted in figure 3.20. lt shows that the influences of m, 

Go and Ton the profiles after the same voltage loading are negligible when they are compared 

to the effects of Psso0 and c. Moreover, figure 3.21 illustrates UZtip b.2 s of the simulations in 

table 3.5. The parameters c and Psso
0 

result in about 200 run differences whereas the other 

three parameters only cause less than 15 run differences. Because the height profiles at 3.2 s 

are related to the pull-in state at the maximum voltage when the plastic deformation is highly 

active, the above observation shows that the stress ratio I T:ff 1 / s"' controls the plastic slip rate. 
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Figure 3.18: The slip rates with various material parameters according to equation (3.1). 
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Figure 3.19: Applied voltage in the material parameters study. The voltage is zero from 3.2 s 

to 30000.0 s, i.e. the anelastic recovery starts from 3.2 s. 

The vertical displacement of the tip at the beginning of the recovery UZtipl3.2 5 and the re

covery during about 30000.0 s denoted by óUZtip are also listed in table 3.5. Except set s2 and 

set c2, all sets lead to large anelastic recovery. Table 3.5 also shows that when Psso0, c, m and 

Go become smaller, óUZtip increases. Additionally, higher temperature causes larger recov

ery. This observation is in line with the anelastic recovery being controlled by the viscoplastic 

deformation, as discussed previously. 

The evolution of UZtip during the recovery is given in figure 3.22. It can be found that 

changing m has a limited influence on the quantity of the recovery. Increasing PSSDo and c 

significantly decrease the amount of the recovery and obviously slower the recovery. Besides, 

the recovery becomes larger and faster by decreasing Ga. The corresponding recovery speed 

calculated from the recovery in figure 3.22 is plotted in figure 3.23. It is more clear to see 

that the stress ratio I r:ff I I six plays an important role for the recovery because of the great 

difference of the recovery speed for various values of Psso,o and c. Furtherrnore, the thermal 

energy ratio GolkT has a considerable effect on the recovery, compared with the case of m. 

The recovery occurs at a speed of about 10-2 ~ 10-1 µml sin the beginning and it becomes 

slower with time. It can be expected that the recovery will finally stagnate when the back stress 

is not large enough. If the time when the recovery speed becomes lower than 10-6 µml s is 

defined as the stagnation time, this stagnation time remains of the order of 104 s by changing 

G0, T and m whereas it can be shortened to lü2 s by increasing Psso,o and c. It means that the 

slip resistance has a great influence on the time scale of the recovery. It should be mentioned 



38 

0.0 -
-0.5 

1 -1 .0 
E 
Ol 
ai 
I -1.5 

-2 .0 
0 

0.0 

-0.5 

1 -1 .0 
E 
Ol 
'ai 
I -1.5 

-2.0 
0 

CHAPTER 3. SIMULATION WITH THE SGCP MODEL 

--r = 7.0 µm-2 

- - - - p= 10.0 µm-2 

- - - - p = 20 _0 r,m-2 

50 100 150 

Length [µm] 

(a) Psso11 

-- G
0 

= 30.0e-8 pJ 

---- G
0

= 10.0e-SpJ 

- · - · G
0 

= 20.0e-8 pJ 

50 100 150 

Length [r,m] 

(c) Go 

0.0 

-0.5 

E 
2. -1.0 
E 
Ol 
'ai 
I -1.5 

0.0 

-0.5 

E 
2. -1.0 
E 
Ol 
ai 
I -1.5 

-2 .0 
0 

0.0 

-0.5 

E 
2. -1.0 
E 
Ol 
ai 
I -1.5 

-2.0 
0 

--m = 10.0 
- - - - m = 20.0 
• - - - m = 50.0 

.2 .0---~-~-~- --~ 

50 

--c = 0.3 
- - - - C = 0.4 
- - - - C = 0.5 

' ' ' ' ' ' 
' ' ' ' 

.... - - - - -

100 

Length [µm] 

(b) C 

150 

--T = 293.0 K 
- - - - T = 348.0 K 
- - - - T = 373.0 K 

50 100 

Length [µm] 

(d)T 

150 

0 50 100 150 

Length [µm] 

(e)m 

Figure 3.20: Height profiles at 3.2 s for the simulations with different material parameters. 
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that several discontinuities in the recovery speed curves are due to the various magnitude of 

the time step in the simulation and the difference scheme used to calculate the derivative of 

the displacement with respect to time. 

In conclusion, the stress ratio term I T:ff 1 / six is an important factor in the SGCP model. lt 

determines the plastic slip rate and controls the time scale of the anelastic recovery. Moreover, 

the thermal energy ratio Go/ kT is also important for the recovery speed. The above analysis 

also shows that by manipulating the parameters in these two terms, the anelastic recovery in 

the simulations with the SGCP model can be large and of long duration with an initial recovery 

speed about 10-2 ~ 10-1 µm/s . 

3.2.2 Simulation of the electrostatic experiment 

In this section, a series of simulations of the electrostatic beam-bending experiment is taken 

by using physically feasible parameters and the SGCP model is evaluated by comparing the 

numerical results and the experimental result. 

In the electrostatic beam-bending experiment [1], a cyclic voltage loading was applied to 

the beam and the maximum voltage of each cycle was increased gradually. In order to save the 

computation time, it is assumed that only the maximum voltage determines the deformation 

and the cyclic loading does not influence the result, i.e. a single cycle of 135 V can result in 

the same height profile as the curve "after 135 V" in figure 1.3. Based on this assumption, four 

curves after 89 V, 107 V, 116 V and 135 V are chosen as the reference. Every set of material 

parameters mentioned in the following discussion is used in four separate simulations with 
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Figure 3.22: Anelastic recovery with different material parameters. The recovery time here in 

the X-axis starts from 3.2 s to 30000.0 sin figure 3.19. 
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Figure 3.23: Recovery speed of the recovery in figure 3.22. The speed is cakulated based on 

the centra} difference schema. 
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different maximum voltages so that a complete comparison with the reference can be done. 

The finite element models are generated according to the real sample in figure 1.2 and 

shown in figure 3.24. Because there are about 5000 elements (excluding TRANS126 and COM

B1N39 elements) in one finite element model, the SGCP model is used only in two parts of the 

beam in order to save computation time and disk space. Generally, the highest stress is likely 

to appear near the round corners or the distortion position where the beam is severely de

formed . In these high-stress regions, plastic deformation may be highly active and the SGCP 

model is required. According to figure 1.3, the distortion position moves to the left when the 

maximum voltage increases. Thus, different finite element models illustrated in figure 3.24 

should be used depending on the maximum voltage. The colored elements in figure 3.24 

are USER300 elements with the SGCP model and different colors represent different grains 

which are randomly oriented. The yellow elements are SOLID186 elements with transversely 

isotropic elastic material behavior and grains in the yellow region are randomly oriented by 

defining the element coordinates. 

Only a hard surface condition is considered in the simulations of the electrostatic experi

ment. The bottom of the anchor is fixed during the simulations and the initia! curvature of the 

micro beam is given by a quadratic interpolation of the experimental data. Although there are 

four simulations with different maximum voltages, the time of the voltage loading is taken the 

same. The voltage loading is given in figure 3.25. In a simulation, the voltage is increased to 

the maximum voltage in the first 1.0 s and it remains at the maximum value from 1.0 s to 8.0 s. 

Then it is decreased to zero in 1.0 s and the computation ends at 15.0 s. 

Suitable material parameters are required for simulating the electrostatic experiment. How

ever, it is impossible to optimize all material parameters by comparing the numerical results 

with the experimental result because a simulation with the loading in figure 3.25 takes about 

one week and there are more than 20 input variables in the SGCP model. Some parameters in 

the SGCP model have specific physical meaning such as the elastic constants and they can be 

estimated according to the experiment and the literature. 

Table 3.6 gives some parameters used in the simulations of the electrostatic experiment. 

The activation energy is obtained from an experiment with a 5 11m Al-Cu thin film [20], which 

was quite similar to the sample used in the electrostatic experiment. For the numerical con

stant c in equation (2.24), values of 0.3 and 1.0 are chosen for the simulations, because the inter

action between the primary dislocation and forest dislocations ranges from 0.27~ 0.38 [21] and 

some experiments on single crystalline Cu alloys with particles [21] showed that this value 
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(a) 89 V 

(b) 107 V and 116 V 

(c) 135 V 

Figure 3.24: Finite element models for different maximum voltages. TRANS126 and COM

BIN39 elements are not plotted. 
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Figure 3.25: Loading in the 135 V cycle. The loadings for 89 V, 107 V and 116 V cycles are 

similar to this curve and only the maximum voltages are different. 

of c may be around 1.0. The initia! SSD density PSSDo is obtained by comparing the numeri

cal results after 89 V with the corresponding experimental data. The appropriate values are 

5.0 Jlm- 2 for c = 0.3 and 0.4 fim- 2 for c = 1.0. Besides, the dislocation capture radius is a semi

empirical numerical constant. Considering that there are only two layers in the thickness as 

shown in figure 3.24, it is 1.5 Jim. Numerical constants N 'S and Hll:S are still taken from (8, 9]. 

It should be mentioned firstly that the anelastic recovery from 9.0 s to 15.0 sis smaller than 

0.1 nm in the simulations with the parameters in table 3.6. The recovery speed in the beginning 

is estimated to be of the order of 10-5 11m/s, implying that the anelastic recovery in these cases 

is very small and will stagnate soon. The difference of the deformation at 9.0 s and the one at 

15.0 s can be ignored due to such small recovery. Therefore, the following discussion focuses 

only on the deformation at 8.0 s when the voltage is still at the maximum value and at 15.0 s. 

Several height profiles during the simulations are given in figure 3.26. Because the initia! 

SSD density is selected from the best result of the simulations with 89 V, the height profiles 

after 89 V (i .e. at 15.0 s) are acceptable as shown in figure 3.26a, despite there are some small 

differences of the height profiles at the maximum voltage (i.e. at 8.0 s). However, with the 

same parameters, the residual deformation after 135 V in figure 3.26b is greatly different from 

the experimental result after 135 V, even though the deformation at the maximum voltage 

seems to be close to the experimental result at 135 V. 

To illustrate the differences of the finite element simulations and the experimental result, 

the residual UZ of two positions are given in figure 3.27. In this figure, the black curves rep-
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Parameter Description Value Reference 

C1 parameter in stiffness tensor 108.0GPa [5] 

C2 parameter in stiffness tensor 61.3 GPa [5] 

C 4 parameter in stiffness tensor 28.5 GPa [5] 

G shear modulus 26.92GPa [5] 

V Poisson's ratio 0.347 -

T temperature 348K -

b Burgers vector length 0.286nm [5] 

i o reference slip rate 0.001 s- 1 [7] 

Go activation energy 64 X 10- 8 pJ [20] 

m exponent in the power law 20.0 [7] 

C constant in equation (2.24) 0.3 (1 .0) [21] 

Pssoo initia} SSD density 5.0 (0.4) µm - 2 -

Yc critica} annihilation length 1.6nm [7] 

K dislocation segment length 10.0 µm [7] 

R dislocation capture radius 1.5 µm -

Table 3.6: Material parameters in the simulations of the electrostatic experiment. 
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resent the experimental result: there is a significant increase of the residual UZ from 107 V to 

135 V. Although the results after 89 V and 107 V for both c = 0.3 and c = 1.0 are acceptable, 

the SGCP model fails to capture higher residual UZ at high voltage i.e. after 116 V and 135 V. 
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Figure 3.27: Residual displacements of two positions after different voltage. UZo is the resid

ual vertical displacement of the origin. 

Adjusting the constant c and the initia! SSD density Pssoo change the slip resistance in the 

power law. The fact that the cases of c = 0.3 and c = 1.0 fail to agree with the experimental 

result at high voltage suggests that the effective shear stress should be modified besides the 

slip resistance. Decreasing R is a possible modification because it reduces the back stress that 

is usually a resistance for the dislocation motion while loading. Therefore, a new series of 

simulations with R = 1.0 11m (c = 0.3 and PSSDO = 5.0 11m ~2) was also done. It shows that 

decreasing R does improve the result after 135 V a bit, while the beam behaves too plastic 

at low voltage. It can be predicted that a smaller R should be used to fit the data for 135 V. 

However, it will bring in new deviations at 89 V and 107 V. Furthermore, a very small R is not 

numerically feasible because it reguires a fine mesh that takes lots of time. 

It is difficult to obtain a good agreement between the SGCP model with the physically 

feasible material parameters and the experimental results. Two explanations are: 

• The high stress sensitivity suggests that there may be two or more deformation mecha

nisms: one with a low energy harrier that controls the deformation at low voltage and 

another one with a high energy harrier that dominates the deformation at high voltage 

during the experiment. However, according to eguation (2.7), only dislocation gliding 
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accompanied by the interaction of dislocations is considered in the SGCP model. How

ever, there are particles present in the Al-Cu thin films whereas the SGCP model does 

not contain the effects of precipitates. Therefore, the SGCP model cannot completely 

simulate the electrostatic experiment. 

• The cyclic loading may influence the plastic deformation in the experiment. In order 

to check the influence of the cyclic loading on the numerical results, a simulation with 

the parameter set c = 1.0 is conducted by applying two cycles of 135 V loading as in 

figure 3.25. The difference of the height profiles after the first cycle and the second cycle 

is shown in figure 3.28. The largest difference is no more than 15 nm. Comparing with 

the large deformation for a high voltage in figure 3.27, this difference is negligible. 

0 100 200 300 
Length [µm) 

Figure 3.28: Height difference after the first and the second cycle of 135 V with c = 1.0. 

However, it does not mean that the effect of the cyclic loading in the experiment can be 

ignored. In fact, excluding the maximum value due to stress concentration, the residual 

von Mises stress near the round corners is around 7 MPa after 116 V and 10 MPa after 

135 V in the simulation. It can be expected that the residual stress in the experiment 

may be higher than these values since the plastic deformation is larger. Meanwhile, the 

von Mises stress at the maximum voltage ranges from 20 to 60 MPa depending on the 

maximum voltages. Therefore, the residual stress after high voltage may have some 

influences on the experimental result. 
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3.3 Conclusion 

In this chapter, the finite element simulations with the SGCP model were presented: 

• In the mechanica) simulations, tension and bending of several polycrystalline micro

beams were simulated. The grain size effect was examined and some time-dependent 

behavior such as stress relaxation and small anelastic recovery were discovered in the 

results. 

• In the multiphysics simulation of the polycrystalline micro beam, a relatively large anelas

tic recovery driven by the back stress was discovered. A further material parameters 

study for the power law showed that the amount and the time scale of the recovery are 

controlled by the term IT:ff l /sit. Moreover, the energy item Go/kT is also important 

for the recovery. ln the simulations of the electrostatic beam-bending experiment, the 

anelastic recovery is actually very small when the material parameters are in the phys

ically feasible range. Furthermore, the performance of the SGCP model for Al-Cu thin 

films is not satisfying because of the incapability of reproducing the complete electro

static experiment including high voltages by using the SGCP model. This may be due to 

the fact that only dislocation sliding is described in the power law. 



Chapter 4 

Simulation with the extended 

model 

This chapter mainly deals with finite element simulations with the extended model for particle 

strengthened alloys. These simulations are performed to evaluate the new constitutive model 

in comparison with the micro-damp experiment on Al-Cu free standing thin beams [3]. In 

addition, the effect of thickness is studied by running similar finite element simulations of 

beam bending with different thicknesses. 

4.1 Constitutive behavior of a single slip system 

The contribution of four different processes to the overall slip rate in the extended model can 

be evaluated at a single slip system level. The slip rates of different processes are calculated 

according to equations (2.34) to (2.56). The material parameters are given in tables 4.1 and B.l. 

These parameters are also used in the simulations with the extended model in the remain

ing of this chapter. Table 4.2 presents additional parameters required for the computation. 

Numerical constants A«s and H«s for the unobstructed slip process are still taken from [8, 9]. 

The overall slip rate and its components in a slip system are plotted in figure 4.1. For 

coherent particles, the overall slip rate is mainly due to the climb process at low stress level 

( < 10 MPa). When the effective shear stress is larger than 10 MPa, the Friedel process of screw 

dislocations becomes active and it dominates the overall slip rate after 30 MPa. After 50 MPa, 

the Friedel process of edge dislocations also makes a significant contribution to the overall 

49 
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Parameter Description Value Reference 

C1 parameter in stiffness tensor 108.0 GPa [5] 

C2 parameter in stiffness tensor 61.3 GPa [5] 

C4 parameter in stiffness tensor 28.5 GPa [5] 

G shear modulus 26.92 GPa [5] 

V Poisson's ratio 0.347 -

b Burgers vector length 0.286nm [5] 

f volume fraction 1.2 % -

Gr shear modulus of particles 40GPa [22] 

Vp Poisson's ratio of particles 0.34 [22] 

br Burgers vector length of particles 0.265nm -

T temperature 293.0 K -

0 atomie volume 16.5 X 10-12 71m3 -

VG Granato frequency 1.0 X 1011 çl -

f'lFo activation energy for the unobstructed slip 30 X 10- 8 pJ [23] 

C constant in the slip resistance 0.3 [21] 

K dislocation segment length 10.0 71m -

Yc critica) annihilation length 1.6nm [8] 

f'lGoR,e activation energy for the Orowan mechanism 4Gb3 [23] 

Tab Ie 4.1 : Material parameters for Al-Cu alloys. 

Parameter Description Value 

<I> mobile fraction 1.0% 

/ ' SSD SSD density 1.0 µm- 2 

/ · GND GND density 0.0 µm- 2 

r average particle radius 10.0 µm 

kR relaxation factor 0.94 

Deff effective diffusion coefficient 5.0 X 10- 8 µm2 · çl 

Table 4.2: Additional parameters required for the evaluation of the slip law. 

slip rate. Because the Orowan stress (about 45 MPa) is higher than the threshold stress for the 

Friedel process, the Orowan processes for edge and screw dislocations are suppressed in the 
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case of coherent particles. 

Figure 4.lb shows the constitutive behavior of a slip system for the presence of incoherent 

particles. When the effective shear stress is smaller than the Orowan stress 45 MPa, only the 

climb process is active. The Orowan process becomes active after the effective shear stress 

exceeds the Orowan stress and it controls the overall slip rate after 60 MPa. Furthermore, 

since the Orowan stress and the unobstructed slip resistance are taken the same for edge and 

screw dislocations, individual slip rates that belong to edge and screw dislocation are also the 

same. 
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Figure 4.1: Constitutive behavior described by the extended model fora slip system in the 

cases of coherent and incoherent particles. 

To conclude, the climb process in the extended model controls the overall plastic slip rate 

at low stress levels. At high stress, the major fraction of the overall slip rate is composed of the 

Friedel process for coherent particles and the Orowan process for incoherent particles. When 

the stress is in the middle range, the climb process is still important for both two types of 

particles. In the case of coherent particles, the overall slip rate is also affected by the screw 

dislocations as they have a lower Friedel stress than edge dislocations. 

Based on the above analysis, the climb process and the Friedel process of screw dislocations 

(only for coherent particles) are important for the anelastic recovery, in which the stress is 

relatively low. 
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4.2 Evaluation of the extended model 

The constitutive behavior of the extended model was examined for a single slip system in 

the previous section. This section involves the finite element simulations with the extended 

model. Because the extended model presents a constitutive equation in a more physically 

motivated manner, it is expected to generate more realistic recovery. The extended model is 

evaluated by comparing the anelastic recovery in the finite element simulations with that in 

the micro-damp experiment [3]. 

A finite element model is built as shown in figure 4.2 based on the grain texture of the 

experimental sample in the micro-damp experiment. The orientations used in the simula

tions are the same as the values measured in the experiment. Moreover, only the hard surface 

condition is considered. 

Figure 4.2: Finite element model used in the simulations (left) and grain texture of the sample 

(right) in the micro-damp experiment. Different colors mean different grains with various 

orientations. 

A point loading applied to the top node at the tip of the beam is used as follows: the beam 

is deflected to -875 nm in one second and it is hold for 44 hours; after 44 hours, the loading 

is removed in one second and the computation ends at 52 hours, i.e. the anelastic recovery 

starts from 44 hours to 52 hours. It should be mentioned that UZtip in the following discussion 

is the displacement of the load point. As no sink-in occurs at the loading node, the recovery 

obtained is not disturbed by the type of the loading. 

Firstly, a preliminary simulation is performed with the parameters in the previous section 
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(tables 4.1, 4.2 and B.l) to check the behavior of the extended model. The anelastic recovery of 

the loading point is shown in figure 4.3. It shows that the anelastic recovery in the numerical 

results is fast in the first 100 s and it gradually becomes slower. The recovery speed given in 

figure 4.3b is about 0.1 ~ 1 nm/sin the first 100 s and it decays to 10-4 nm/sin the end. 

Furthermore, compared with the small recovery in mechanica} simulations with the original 

SGCP model, the anelastic recovery obtained by the extended model is much more significant 

also considering that the plastic deformation in the latter case is much smaller than that with 

the SGCP model. 
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Figure 4.3: Anelastic recovery after the loading is removed for the simulations with parameters 

in table 4.2. The starting time 0 s on the X-axis corresponds to the 44 h, when the loading is 

just removed. 

The predicted vertical displacement of the tip at the beginning of the recovery UZtip 144.0 h 

for both coherent and incoherent particles is about 160 nm. The corresponding anelastic recov

ery in the following 8 hours is about 40 nm. The small difference between the amount of the 

anelastic recovery obtained for coherent and incoherent particles suggests that the resolved 

shear stresses in both cases are relatively small so that only the climb process is active during 

the anelastic recovery. In order to verify this, a node between the round corners is selected and 

the effective shear stress and back stress of the most active slip system at this node are checked 

as shown in figure 4.4a. It is found that the effective shear stress ranges from 2 to 4 MPa for 

coherent particles and from 5 to 8 MPa for incoherent particles during the anelastic recovery. 

Referring to figure 4.1, only the climb process is active at this stress level. Besides, the low 
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plastic slip rates also support this point since the overall plastic slip rate is usually very high 

when the Friedel process is highly active. 
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Figure 4.4: Local behavior between the round corner in the simulations. 

The shape of the slip rate curves determined by the climb process also explains the shape of 

the recovery speed curves in figure 4.3b. During the first 100 s of the recovery, the back stress, 

which mainly composes the effective shear stress, is relatively high according to figure 4.4a, 

leading to the slip rate plateau in figure 4.4b. For this reason, the recovery speed is relatively 

high in the beginning. After 100 s, the slip rate starts to decrease due to the decreasing of the 

back stress, resulting in a lower recovery speed in figure 4.3b. 

The results presented above show that the climb process is very important for the anelas

tic recovery. Therefore, for the purpose of reproducing the experimental recovery curve in 

figure 1.4b, it is necessary to use justified values of the relaxation factor kR and the effective 

diffusion coefficient D eff for the description of the climb process in the simulation of the micro

clamp experiment. Because the extended model assumes that the detachment energy harrier 

is larger than the climb energy harrier, the relaxation factor kR should be lower than 0.96 [18] . 

It should be also noted that a small value of kR increases the threshold stress of dislocation 

climb according to equation (2.54) and reduces the slip rate at low stress level. Moreover, in 

order to result in an anelastic recovery that is comparable to the experimental result, the dif

fusion coefficient should be in the range of 10-8 - 10- 10 11m2 • ç 1, which is in the vicinity 

of grain boundary diffusion coefficients [24]. Moreover, the average particle radius r is an 

important parameter for the climb, the Orowan and the Friedel processes considered in the 
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extended model. However, for the experimental sample [3], a value for the particle radius is 

not available. Hence, a feasible value of r is assumed in the range of 1 - 15 nm. 

In order to reduce the amount of work, only the above three parameters (r, kR, Deff) are 

considered as adjustable variables. The mobile fraction cl> is kept at 0.005 and the initial SSD 

density is set as 1.0 fim- 2. Other material parameters are given in tables 4.1 and B.1, and 

these values are considered to be representative for the properties of the Al-Cu alloy. It should 

be also noted that it is not clear whether particles in the sample are coherent or incoherent. 

Therefore, both cases are studied in this thesis. Nevertheless, because the anelastic recovery is 

mainly controlled by the climb process which is the same for incoherent particles and coherent 

particles, only the cases for incoherent particles are discussed in this section. A number of 

simulations for both incoherent particles and coherent particles can be found in appendix C. 

Two quantities are very important for reproducing the experimental result: the vertical 

displacement of the tip at the beginning of the recovery UZtip 144.0 h (about 25 nm in the ex

periment) and the anelastic recovery in the following 8 hours óUZtip (also 25 nm in the ex

periment). Because the measurment takes about 100 sin the experiment [3], UZtip 144.0 h+loo.o 5 

instead of UZtip 144.0 h in the numerical results is used to compare with the experimental result. 

However, after trying different combinations of various adjustable parameters in table C.l, 

it is found that UZtipl44.0 h+lO0.o 5 is more than a hundred nanometers when óUZtip is compa

rable with the experimental result. It can be analyzed from two aspects: 

• The driving force of the anelastic recovery may not be sufficient when UZtip 144.0 h+ 100.0 5 

is small. Considering that the anelastic recovery is mainly driven by the back stress, a 

solution is to increase the intemal stress, which also helps to reduce UZtip 144.0 h+100.o s· 

Using larger values of Ris effective to increase the intemal stress. 

• The resistance in the anelastic recovery may be too large and it should be decreased. 

However, decreasing the resistance of the anelastic recovery has a chance of increasing 

UZ1ipl44.0 h+100.o 5 • The resistance of the anelastic recovery can be varied by modifying 

the adjustable parameters (r, kR and Deff). 

According to the above analysis, a series of simulations with the parameters in table 4.3 

is conducted in order to check the influences of the adjustable parameters and the dislocation 

capture radius on UZtipl44.0 h+loo.o 5 and óUZ1ip· 

The corresponding UZtip 144.0 h+l00.o 5 and óUZtip in table 4.3 are illustrated in figure 4.5. It 

is found that decreasing the resistance in the anelastic recovery by increasing kR or Deff would 
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R = 1.5 fim 

ID r [nm] kR D eff [flm2. çl] UZtip l44.0 h+ 100.o s [nm] 5UZ1ip [nm] 

s0R0 5 0.93 5.0 X 10-8 -129.249 11.932 

dlR0 - - 5.0 X 10- 9 -73.034 0.645 

d2R0 - - 1.0 X 10- 7 -149.903 20.687 

k1R0 - 0.92 - -88.381 2.043 

k2R0 - 0.94 - -196.739 39.393 

rlR0 3 - - -278.725 57.668 

r2R0 8 - - -116.970 12.827 

R = 3.0 flm 

ID r [nm] kR D erf [11m2 · ç 1] UZ1ip 144.0 h + 100.0 s [nm] 5UZ1ip [nm] 

s0R3 5 0.93 5.0 X 10- 8 -60.550 11.840 

d1R3 - - 5.0 X 10- 9 -35.058 1.486 

d2R3 - - 1.0 X 10- 7 -70.233 16.823 

k1R3 - 0.92 - -40.556 3.391 

k2R3 - 0.94 - -95.225 29.416 

r1R3 3 - - -151.322 51.983 

r2R3 8 - - -48.650 8.564 

R = 5.0 flm 

ID r [nm] kR D eff [flm2. ç l ] UZ1ip 144.0 h+ 100.0 s [nm] 5UZ1ip [nm] 

s0R5 5 0.93 5.0 X 10- 8 -30.436 7.599 

d1R5 - - 5.0 X 10- 9 -17.933 1.910 

d2R5 - - 1.0 X 10- ? -35.302 9.859 

k1R5 - 0.92 - -20.005 3.021 

k2R5 - 0.94 - -50.282 16.883 

r1R5 3 - - -94.305 32.300 

r2R5 8 - - -21.566 3.904 

Table 4.3: Simulations with various r, kR, D eff and R for incoherent particles. "-" means that it 

is the same as the one of set s0R0 (s0R3 or s0R5). 
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increase the amount of the anelastic recovery and UZtipl44.0 h+ lOO.o 5 together. The trends of 

increasing kR or Deff are indicated by the dashed lines, which deviate from the experimen

tal result. Besides, modifying the particle size leads to a difference along the same dashed 

lines in figure 4.5. On the other hand, increasing the dislocation capture radius does im

prove the situation: it results in a larger amount of anelastic recovery for the same amount 

of UZupl44.0 h+ l oo.o s· 
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Figure 4.5: Influences of the adjustable parameters and the dislocation capture radius. The 

o points represent the simulations with various kR; the □ points represent the simulations 

with various Deff; the 1::::. points represent the simulations with various r. The increase of 

each parameter is represented by various colors: white (smallest), gray (medium) and black 

(largest). 

The simulations "d2R0", "d2R3" and "k2R5" are selected fora further study on the anelas

tic recovery since the results are the closest to the experimental result. The anelastic recovery 

in these simulations is plotted in figure 4.6 together with the experimental result. The fitting 

curve of the experimental result is calculated according to a 1D viscoelastic model [2] 

(4.1) 

Here UZrnax = -875.0 nm, E = 66.8 GPa and tr = 157476.0 s. These three parameters are 

input variables according to the experimental condition. The stagnation displacement UZsta = 
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- 2.4526 nm, E1 = 1.5453 GPa and r1 = 5071.2034 s. These parameters are obtained by fitting 

the experimental result. 

Figure 4.6a shows that the anelastic recovery becomes closer to the experimental result 

when R is increasing. Besides, the recovery speed for different simulations are of the same 

order and are qui te similar to each other in figure 4.6b. Despite that the fitting curve is missing 

in the first 100 s due to insufficient information during that period, the anelastic recovery can 

still be estimated as 10- 3 - 10- 2 nm/ s in the beginning, which agrees with the numerical 

results in figure 4.6b. 

0 

-40 

E 
.S -80 

Q. 

Nz 
:) 

-120 

Experiment 
Fitting 

-- d2RO 
d2R3 

- - k2R5 

10° 10 1 102 103 104 

Recovery time [s] 

(a) anelastic recovery in 8 hours 

10° - - - - Fitting 
-- d2RO 

d2R3 
-- k2R5 

10° 

Recovery time [s] 

(b) the co rresponding recovery speed 

Figure 4.6: Anelastic recovery after the loading is removed for "d2RO", "d2R3" and "k2R5". 

The starting time Os on the X-axis corresponds to the 44 h, when the loading is just removed. 

It is expected that a value of R that is larger than 5 71m may yield a better agreement with 

the experimental result. However, dislocation capture radii of 3.0 µm and 5.0 µm are already 

unrealistically large, as the thickness of the thin beam is only 5 11m. If such a large value of R is 

a requirement in the simulations with the extended model, it implies that the back stress may 

be underestimated by the internal stress formulations, i.e. equation (2.13) and (2.23). 

The tendency of the dashed curve with R = 1.511m in figure 4.5 shows that it is difficult to 

agree with the experimental result by only manipulating r, kR and Deff, which could also imply 

that the climb process described in the extended model may not fully capture the anelastic 

recovery observed in the micro-damp experiment [3] and there may exist other deformation 

mechanisms besides the dislocation climb. 

In conclusion, compared with the behavior of the original SGCP model, the anelastic re-
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covery is more significant for the simulations with the extended model when the material pa

rameters are physically feasible. Nevertheless, besides modifying the parameters of the climb 

process (r, kR, Deff), an unrealistic value of the dislocation capture radius Ris needed to obtain 

a good agreement with the anelastic recovery observed in the micro-damp experiment. Some 

explanations were also given: the back stress may be underestimated in the extended model 

and/ or the resistance in the recovery may not be fully described by the climb process in the 

extended model. 
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4.3 Thickness effect 

In order to study the thickness effect on the anelastic recovery, several simulations with various 

thicknesses are presented in this section. Because a thicker beam requires more elements to 

obtain a precise result, only half of the beam in figure 4.2 is considered in the simulations with 

symmetrie boundary conditions as shown in figure 4.7 although the problem is not actually 

symmetrie. Four different thicknesses 3, 5, 10 and 15 µm are used in the simulations with 3, 3, 

5 and 7 elements through the thickness respectively. The loading is applied 5 firn away from 

the tip with a maximum displacement of-806.64 nm along a line across the width. The loading 

history is the same as the point loading in last section. The material parameters are listed in 

tables 4.1, 4.2 and B.l. For simplicity, only incoherent particles are considered for the thickness 

effect study because there are fewer active processes in the case of incoherent particles. 

Figure 4.7: Finite element model and boundary conditions for the simulations of the thickness 

study. The cyan triangles represent the mechanica! constraints. 

The total reaction force reguired for the bending is calculated by summing the reaction 

forces in Z-direction of nodes along the loading line. In absolute guantities, a smaller reaction 

force is reguired for the bending of a thinner beam as shown in figure 4.8a. A comparison 

of the normalized reaction forces1 is given in figure 4.8b. Furthermore, the relaxation of the 

reaction force becomes smaller for thinner beams, implying that the dislocation motion is less 

active for thinner beams as the stress relaxation is due to the continuing dislocation gliding. 

According to figure 4.8b, it is expected that the reaction force may converge toa purely elastic 

state in which no relaxation occurs when the thickness is decreasing further. 

1 normalized reaction force = 1 o - 6 m reaction lorce x mome_nt arm 
moment of mert1 a 
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Figure 4.8: Behaviors of the beams with 3, 5, 10 and 15 µm. 
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Furthermore, strain gradients achieved in each simulation can be compared by examining 

the GND densities. Figure 4.& shows the GND distribution along the symmetry axis (Z = h 

and Y = 0) at the end of simulations. lt is obvious to see that the thinner beam has lower GND 

densities, also suggesting that the dislocation motion becomes less active for thinner beams. In 

figure 4.8c, several small peaks of the GND density appear near the tip of beam, particularly 

when the thickness is larger than 10 µm. This is a local deviation due to the line loading and 

does not cause a problem for the GND density near the left part, the main region of interest 

in this study. Both the evolution of the reaction force and the GND distribution show that the 

dislocation activity becomes less pronounced for thinner beams. Consequently, the anelastic 
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recovery also decreases with decreasing the thickness as shown in figure 4.8d . 

A number of additional simulations with various thicknesses (h = 2, 4, 7, 12 11m) is con

ducted fora more detailed understanding of the thickness effect on the anelastic recovery fur

ther and the simulation results are given in figure 4.9a. lt illustrates the vertical displacement 

at the beginning of the anelastic recovery UZiip 144.0 h and the one at the end of the simulation 

UZtip ls2.o h · It shows that UZtip 144.0 h is more sensitive to the thickness when the thickness is 

smaller than 5 11m. Besides, the ratio of the recovery bUZtip to UZtip 144.0 h increases with the 

thickness as shown in figure 4.9b. The anelastic recovery can be neglected for the case with a 

thickness smaller than 2 µm, in which the plastic deformation is also small according to fig

ure 4.9a. The recovery percentage is boosted to around 30 % when the thickness increases to 

5 11m, after which the growth of the recovery becomes much slower. 

The increase of the recovery for thicker beams can be due to the influence of the extemal 

force. In the case of thinner beams, the region in which there occurs a noticeable plastic ac

tivity is very limited. With the thickness increasing, a larger external force is required and 

the plastic region also expands. The expansion of the plastic region cannot be endless and it 

will become slower and slower when the thickness keeps on increasing. For this reason, the 

recovery percentage increases slower for thicker beams in figure 4.9b. 
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Figure 4.9: Relationship between the anelastic recovery and the thickness. 
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4.4 Conclusion 

Several simulations with the extended model were performed in order to evaluate the ex

tended model by comparing with the experimental results. The simulation results show that 

dislocation climb, a diffusional process, may play an important role during the anelastic recov

ery observed in the Al-Cu thin film. However, besides manipulating the material parameters 

in the climb process and the particle size, an unrealistically large value of the dislocation cap

ture radius is also needed for satisfactorily simulating the anelastic recovery process in the 

micro-damp experiment. lt suggests that the back stress may be underestimated in the ex

tended model and/ or the resistance may not be fully described by the climb process of the 

extended model. Additionally, the thickness effect was studied in the end of this chapter. The 

results of the simulations with various thickness show that the thicker thickness strengthens 

the beam and the anelastic recovery becomes more significant when the deformation is the 

same. 
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Chapter 5 

Conclusions and recommendations 

Conclusions 

This thesis focused on the anelastic recovery observed in Al-Cu thin films. Two rate depen

dent models, the SGCP model and the extended model for particle strengthened alloys were 

used in a number of finite element simulations involving an electrostatic beam-bending ex

periment and a micro beam bending experiment by using a micro-damp device. In the mod

els, the anelastic recovery is considered as the overall macroscopie outcome of various micro

mechanisms based on the reverse slip of dislocations. The ability of these two models to real

istically describe the anelastic phenomena was evaluated via the finite element simulations of 

different boundary value problems. 

After examining the grain size effect by simulating tension and bending of several poly

crystalline micro beams, the main focus was on the multiphysics simulations by using the 

SGCP model. A large and long-time anelastic recovery driven by the back stress can be real

ized by manipulating several material parameters in the stress ratio lr:ffl /slX and the energy 

term Go/ kT. With several physically feasible material parameters, the anelastic recovery was 

actually very small (less than 0.1 nm in 6.0 s) in the simulations of the electrostatic beam

bending experiment. Furthermore, the performance of the SGCP model in the simulations of 

the electrostatic experiment did not agree well with the experimental result, as it failed to de

scribe the stress sensitivity at high voltage. It implies that the viscoplastic power law used in 

the SGCP model cannot fully characterize the Al-Cu alloys. 

The results of the simulations with the extended model showed a considerable amount of 
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anelastic recovery when the material parameters were in the physically feasible range. It indi

cates that dislocation climb may play an important role during the anelastic recovery. How

ever, when the plastic deformation was close to the experimental result, it was difficult to 

capture the amount of the anelastic recovery observed in the micro-damp experiment by only 

manipulating the material parameters in the climb process and the particle size. An unrealis

tically large value of the dislocation capture radius was required to achieve a good agreement 

with the anelastic recovery in the experiment. Two possible explanations were given: the back 

stress may be underestimated in the extended model and/ or the resistance may not be fully 

described by the climb process of the extended model. Additionally, the thickness effect study 

showed that decreasing the thickness may reduce the plastic deformation when the total de

formation remains the same. 

Recommendations 

The study in this thesis implies that the back stress may be underestimated by the intemal 

stress formulation . According to equation (2.11), the internal stress from an individual dislo

cation located in the elemental surface dA, CTin(d) is estimated from the elastic stress field asso-e s 

ciated with individual edge and screw dislocations in an infinite medium [6, 7]. In the particle 

strengthened alloys, the particles may locally influence the dislocation induced stress fields. 

For example, if the strength of particles is higher than that of the matrix, a simple homogeniza

tion approach for two-phase composites [29] suggests that the homogenized modulus may be 

higher than that of the matrix. Then, it means that the dislocation induced stress may be in

creased due to the presence of the particles. Such an effect of particles may be considered as a 

future modification of the term CTin(d) _ es 

The overall slip rate at low stress level is controlled by dislocation climb within the ex-

tended model. The amount of the anelastic recovery delivered by the climb process in the 

numerical results did not agree with the experimental result when the plastic deformation 

was close to the experimental result. The assumption that the thermal detachment energy bar

rier is higher than the climb barrier should be verified to ensure a rational slip rate due to the 

climb process. If the anelastic recovery controlled by the climb process in the above results 

is reasonable, there may be other deformation mechanisms during the anelastic recovery. All 

mechanisms involved in the extended model are assumed to occur in one grain. However, 

some mechanisms related with the grain boundary such as grain boundary sliding and grain 
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boundary diffusion can be active at low stress level [25, 26]. Therefore, the contribution of the 

grain boundary to the anelastic recovery in Al-Cu thin films should not be ignored. Moreover, 

other mechanisms that are active within the grain and not considered in the extended model, 

such as cross-slip, may also be important in the anelastic recovery. 
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AppendixA 

TRANS126 element in ANSYS 

TRANS126 is a two-node element that converts the energy from an electrostatic domain into 

a structural domain. The TRANS126 geometry is shown in figure Al. The gap of node I and 

node J is defined by 

GAP = GAPo + UJ - ui , (Al) 

where GAPo is the initia} gap and uJ(I ) is the displacement of node J(I). 

Figure Al: TRANS126 geometry. 

The force generated in TRANS126 is dependent on the capacitance and the voltage between 

node I and node J 
F = ~ dC vz 

2dX ' 
(A2) 

with C the capacitance and V the voltage. In this thesis, TRANS126 elements are generated 

from the nodes at the bottom of the beam by issuing the "EMTGEN" command. The capaci

tance is determined by 

C = EPZERO *AREA/GAP. (A3) 

Here the EPZERO is the free-space permittivity; AREA is the area associated with the node 

and it is computed by the "ARNODE" function. According to equations (Al) to (A3), it is 
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easy to obtain 

1 ( V )2 
. (dC) F = 2 * EPZERO * AREA GAP s1gn dX . (A.4) 

The input parameters required for TRANS126 are EPZERO with a default value of 8.854 x 

10- 6 11F /m, the initia! gap with 3.575 11m and the minimal gap with 0.375 71m. 



Appendix B 

Friedel mechanism in the extend 

model 

The expressions for the particle strength P and the corresponding activation energy are given 

this appendix. Furthermore, the material parameters used in the simulations are listed in the 

end. If there is no specific explanation, the subscript "e" in all equations for edge dislocations 

can be replaced by "s" for screw dislocations. 

a) Chemica} strengthening is the result of the generation of additional interfaces during 

the shearing of coherent particles of the energy storing type. The particle strength for a 

screw dislocation is given by [13] 

(B.l) 

where Xs is the specific energy of the particle-matrix interface. The particle strength 

for an edge dislocation is approximated as the same as the one for a screw dislocation. 

The activation energy !-.GcHE,e depends on the force-displacement profile and it can be 

described by [13] 

[ 2] l'ta: 1 3 

t-.GcHE,e = 2rfcHE 1 - (~) . 
TCHE,e 

(B.2) 

b) Stacking fault (SF) strengthening is due to the difference in the SF energies of the ma

trix (xm) and particles (Xp)- The particle strength is related to the mismatch in the SF 

energies [30]: 

(B.3) 
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where the equilibrium distance between Shockley partial dislocations in a matrix or par

ticle is 
Gm (r ) b2 2 + vm (p) 

Wm (p) = 24nx l ' (8 .4) 
m(p) - Vm (p) 

with the subscript "m" denoting the matrix and "p" the particle. The activation energy 

is given by [13] 

' T[ IT2\ I 3 

[ 2] 
tlGsF,,· = rFsF 2 - arcsin ( Ts;,,,) (8.5) 

c) Coherency hardening occurs due to the stress fields that arise from the lattice misfit (E) 

between the coherent particles and the matrix. For an infinitely long straight screw dis

location, the interaction between the particles and the matrix vanishes. Therefore, only 

edge dislocations are considered here. The particle strength is [31] 

FcoH = 4G IElbr, (8.6) 

and the activation energy is [13] 

L'lGcoH,,, = rFcoH (8.7) 

d) Modulus hardening is related to the difference in elastic moduli of the matrix and parti

des (L'lG). The empirica] equation of the particle strength is 

(8.8) 

with C4 and Cs two constants. And the expression of the activation energy is written 

as [13] 

[ 

4 4 l ' 2 ITî.,I 9 
1 IT2 "I '.l 

L'lGcoH,e = rFMoo l - - (--' - ) + - (--' -) . 
3 TMOD,e 2 TMOD,e 

(8.9) 

Finally, table 8 .1 gives the parameters of the Friedel process. It is believed that these pa

rameters which are estimated from the literature, are very close to those of Al-Cu thin films. 
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Parameter Description Value reference 

Ri inner cut-off radius 0.286nm -

Xs specific energy of the particle-matrix interface 190.0 X 10-3 pJ/ µm 2 (33] 

Xm stacking fault energy of matrix 166.0 X 10-3 pJ/ µm2 (34] 

Xp stacking fault energy of particle 127.0 X 10-3 pJ/ µm2 (34] 

e lattice misfit coefficient 0.57 X 10-2 (33] 

C4 for modulus hardening 0.05 (32] 

Cs for modulus hardening 0.85 (32] 

Table B.1: Parameters required for the Friedel process in the simulations with the extended 

model. 
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AppendixC 

Simulations of the micro-clamp 

experiment 

Tables C.1 to C.4 show the simulations with different values of the dislocation capture radius 

and the adjustable parameters including the particle radius r, the relaxation factor kR and the 

effective diffusion coefficient Deff· 

R = 1.5 µm 

ID r [nm] kR Deff [µm2 . çl] UZtipl44.0 h+too.o s [nm] bUZltip [nm] 

il 5 0.92 1.0 X 10-9 -26.824 0.005 

i2 5 0.92 1.0 X 10-8 -60.197 0.257 

i3 5 0.93 5.0 X 10-9 -73.034 0.645 

i4 5 0.94 2.0 X 10-9 -82.017 1.096 

i5 2 0.92 2.0 X 10-9 -42.618 2.476 

i6 8 0.92 5.0 X 10-8 -92.635 3.650 

i7 5 0.90 1.0 X 10-7 -50.105 0.147 

i8 5 0.91 1.0 X 10-8 -41.092 0.0854 

i9 5 0.93 5.0 X 10-8 -129.294 11.932 

Table C.1: Simulations for incoherent particles with R = 1.5 µm. 

According to tables C.1 to C.4, UZtipl44.0 h+too.o 5 and i5UZltip can be obtained as figure C.l. 

It shows that the numerical results follow the dashed curves in figure C. 1 by changing the 
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R = 1.5 fim 

ID r [nm] kR D eff [f1 m2 · ç 1] U Z tip 144.0 h+ 100.0 s [nm] bUZ ltip [nm] 

cl 5 0.90 2.0 X 10- 10 -96.158 4.124 

c2 5 0.90 2.0 X 10- 7 -96.322 4.155 

c3 2 0.92 2.0 X 10- 9 -105.212 4.308 

c4 6 0.92 2.0 X 10- 8 -93.809 3.449 

c5 7 0.94 2.0 X 10- 9 -110.842 7.342 

c6 8 0.93 2.0 X 10- 8 -98.462 4.502 

c7 10 0.94 2.0 X 10- 8 -146.539 27.230 

c8 6 0.94 2.0 X 10- 8 -121.571 9.579 

c9 15 0.94 2.0 X 10- 9 -144.248 31.158 

Table C.2: Simulations for coherent particles with R = 1.5 11m. 

R = 3.0 flm 

ID r [nm] kR D eff []1m2. çlJ U Z tipl44.0 h+ l00.0 s [nm] bUZltip [nm] 

ilr3 5 0.94 2.0 X 10- 9 -41.001 2.671 

i2r3 5 0.93 5.0 X 10- 8 -60.550 11 .840 

i3r3 2 0.92 5.0 X 10- 9 -71.122 10.692 

i4r3 8 0.92 5.0 X 10- 8 -38.414 3.854 

i5r3 6 0.93 5.0 X 10- 8 -52.664 9.544 

i6r3 8 0.94 5.0 X 10- 8 -63.544 15.474 

R = 5.0 flID 

ID r [nm ] kR D eff [11m2. ç l j UZtip l44.0 h+ 100.o s [nm] bUZ ltip [nm] 

ilr5 5 0.94 2.0 X 10- 9 -21.659 3.139 

i2r5 5 0.92 2.0 X 10- 8 -16.497 1.537 

i3r5 6 0.92 2.0 X 10- 8 -15.472 1.392 

i4r5 8 0.92 5.0 X 10- 8 -17.051 2.301 

i5r5 6 0.93 4.0 X 10-9 -16.465 1.665 

i6r5 5 0.94 4.0 X 10- 9 -26.205 5.215 

Table C.3: Simulations for incoherent particles wi th R = 3.0 11m and R = 5.0 ftm . 
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R = 3.0µm 

ID r [nm] kR Deff [µm2 · çl] UZtipl44.0 h+loo.o s [nm] bUZltip [nm] 

clr3 5 0.90 1.0 X 10-IO -36.545 2.155 

c2r3 2 0.92 2.0 X 10-9 -53.081 5.181 

c3r3 6 0.92 2.0 X 10-8 -36.255 2.035 

c4r3 8 0.93 1.0 X 10-8 -39.255 2.945 

c5r3 5 0.92 1.0 X 10- 9 -36.622 2.162 

c6r3 6 0.94 1.0 X 10-8 -51.267 5.857 

R = 5.0 µm 

ID r [nm] kR D eff [µm2. çlJ UZtipl44.0 h+loo.o s [nm] bUZltip [nm] 

clr5 5 0.93 5.0 X 10- 8 -26.574 4.124 

c2r5 2 0.92 2.0 X 10-9 -31.175 4.765 

c3r5 6 0.94 1.0 X 10-8 -24.772 3.742 

c4r5 3 0.92 1.0 X 10-8 -27.472 3.502 

c5r5 5 0.94 5.0 X 10- 8 -45.620 12.580 

c6r5 6 0.94 5.0 X 10-8 -34.545 8.155 

Table C.4: Simulations for coherent particles with R = 3.0 µm and R = 5.0 µm. 
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adjustable material parameters in both the cases of incoherent particles and coherent particles. 

A better agreement with the experiment result may be obtained when a larger value of R is 

used. 
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